A study of the co-adsorption of cadmium and citrate ions onto the mono-dispersed TiO 2 (anatase)/NaClO 4 aqueous solution interface is presented. The influence of ionic strength and pH on the adsorption of cadmium and citrate ions in this system was investigated. The surface charge density, the ζ-potential and adsorption-edge (or envelope) parameters such as pH 50% and ∆pH 10-90% were also determined for different concentrations of adsorbed ions. The presence of citrate anions increased the adsorption of Cd(II) ions at low pH values but led to a corresponding decrease at high pH values. The influence of pH on the shapes of the corresponding adsorption isotherms for citrate anions was characteristic of that for anion adsorption onto metal oxides; this is referred to as the "adsorption envelope".
INTRODUCTION
The adsorption of ions at a metal oxide/electrolyte solution interface results in changes in the charge density distribution in the electrical double layer (edl) of such a system. The triple layer model of the edl assumes that cation-specific adsorption leads to an increase in the number of negatively charged groups (SO -Ct + ) at the surface, whereas the adsorption of anions causes an increase in the number of positively charged groups (SOH + 2 An -) (James and Parks 1982; Schindler 1981) . Multivalent ions usually have a greater affinity towards metal oxide surfaces and may adsorb at one or two surface groups (Hayes and Katz 1996) . These adsorbed ions can also affect the structure of the edl. For example, the adsorption of metal ions at higher concentration may cause overcharging of the compact part of the edl, and charge-reversal points may be observed as a consequence during the course of the ζ-potential versus pH curve. The adsorption of ions at the metal oxide/aqueous solution interface and its influence on the structure of the edl is well described in the literature. However, in real dispersed systems, for example in many technological processes or in the natural environment, the solid phases and solutions are often rich in a variety of organic and inorganic substances. Very interesting aspects of ion adsorption at the metal oxide/electrolyte solution interface occur in those systems where anions are capable of forming bidentate surface complexes and multivalent cations are present (Collins et al. 1999) .
The edl at the TiO 2 (anatase)/NaClO 4 aqueous solution interface has been extensively studied by potentiometric titration, ζ-potential and adsorption measurements. Important information concerning the properties of the diffuse part of the edl can be obtained from ζ-potential measurements. The potential of the diffuse layer can be used for the calculation of the potential at the inner Helmholtz plane (IHP) and thus the surface potential.
The solid most extensively examined both from the theoretical and practical viewpoint is titanium dioxide. In the present work, TiO 2 with rigorously defined properties has been employed in order to obtain precise measurements. The distribution of heavy metals, such as Cd, Pb, Cu or Zn, in soils and aquatic systems is still a subject of study because of the possible contamination of these systems. The migration of such metals in the environment is strongly dependent on the adsorption processes involved. Indeed, the adsorption of metal cations from natural aqueous solutions is often a very complicated process, because these metal ions may exist in several forms depending on the presence and concentration of other substances in the liquid phase. Such forms can take part in complexation reactions with organic compounds.
Organic acids, such as citric, oxalic or maleic acid, which are members of the class of low molecular weight carboxylic acids, are present in soils or soil solutions rich in organic matter. These organic substances can act as complexing agents for many essential and toxic metals (Srivastava et al. 2005; Brajenovic and Tonkovic 2002) . Both complexation reactions and the co-adsorption of metal cations and organic anions play an important role in the migration and distribution of metal pollutants in natural systems (Kosmulski 1996) . The adsorption of low molecular weight organic anions at the metal oxide/electrolyte interface may lead to the formation of inner-or outer-sphere complexes. Thus, the citrate anion shows a high adsorption affinity towards the alumina/electrolyte interface where inner-sphere complexes are formed (Johnson et al. 2005) . The co-adsorption of metal ions and anions forming ternary complexes has been studied for the Cd(II) ion/oxalate/metal oxide system (Janusz and Matysek 2006a,b; Buerge-Weirich et al. 2003) , while complexation between Cd(II) ions and citrate ions system has been studied employing the FeOOH/electrolyte system (Lackovic et al. 2004a,b; Collins et al. 1999 ).
In the present study, the adsorption of Cd(II) ions and citrate anions at the titania/electrolyte interface has been investigated. Adsorption measurements were carried out together with the simultaneous determination of the surface charge density and the ζ-potential.
MATERIALS
All measurements were carried out employing titanium dioxide with the anatase structure. This was obtained by the hydrolysis of titanium(IV) ethoxide in propanol solution using water and HNO 3 (as a catalyst), applying the Dagan-Tomkiewicz method (Dagan and Tomkiewicz 1993) and employing a titanium(IV) ethoxide/HNO 3 ratio of 1:0.08. To remove impurities, the resulting oxide was washed with doubly distilled water until the conductivity of the supernatant solution was the same as that of the doubly distilled water itself [i.e. < 2 µS (cm -1 )]. After evaporation, the resulting solid was crushed and the powder obtained calcined by heating at 600 o C for 10 min. The specific surface area of the powder before calcination -as determined by the Brunauer-Emmett-Teller (BET) method (Allen 1997 ) from nitrogen adsorption/desorption datawas > 300 m 2 /g, while after calcination it was 55.3 m 2 /g. The pore volume -as determined by the BJH (Barrett, Joyner and Halenda) method involving the cumulative desorption of pores between 1.7 and 300 nm in diameter -was 0.104 cm 3 /g, indicating that the sample was porous with an average pore diameter of 7.4 nm (Allen 1997) . Through the use of the α S -method, i.e. a plot that relies on a comparison of nitrogen adsorption on the studied sample to that on a standard non-porous sample, the external surface area of the sample was calculated as 8.8 m 2 /g (Jaroniec et al. 1999) . XRD data demonstrated the anatase structure of the TiO 2 . A.R. reagents were employed throughout (HCl, NaOH and citric acid supplied by Polskie Odczynniki Chemiczne, Gliwice, Poland, and NaClO 4 and cadmium perchlorate supplied by Aldrich) with all solutions being prepared using doubly distilled water.
EXPERIMENTAL METHODS
The adsorption/desorption balance of H + ions on the TiO 2 surface when the latter was placed in an electrolyte solution was calculated by comparison of the potentiometric titration curves of the oxide suspension and the background electrolyte. Such titrations were carried out employing a thermostatted Teflon vessel under a CO 2 -free nitrogen atmosphere at 25 ± 0.1 o C using a Julabo F10 Refrigerated/Heating Circulator model. Measurements of the pH value were performed using a PHM 240 Radiometer Research pH meter with a glass electrode and a calomel reference electrode. The measurement setup was calibrated employing aqueous phosphate solutions and borax solutions. The whole titration procedure (e.g. the addition of titrant via the Metrohm Dosimat 665 instrument and data acquisition from the pH meter during measurements) was controlled by a computer. Potentiometric titration was carried out using an automatic burette. During such potentiometric titrations, each portion of base was added when the pH drift was less than 0.003 pH unit/min or after an equilibration time of 10 min. For adsorption and potentiometric titration experiments, the sample of TiO 2 (1.5 g) was added to 50 mᐉ of solution.
Background electrolyte concentrations of 1 × 10 -1 , 1 × 10 -2 and 1 × 10 -3 M, respectively, were employed. The concentrations of Cd(II) and citrate ions in systems involving single-ion adsorption as well as in adsorption from mixed Cd(II)/citrate ion solutions ranged from 1 × 10 -6 M to 1 × 10 -3 M. Adsorption measurements of Cd(II) and citrate ions from NaClO 4 solution were also undertaken employing 115 Cd and 14 C isotopes, respectively, as radiotracers, with the extent of adsorption being calculated from the decrease in radioactivity of the solution after the introduction of TiO 2 . Measurements of the co-adsorption of Cd(II) and citric ions were conducted simultaneously. Prior to such adsorption experiments, amounts of sodium citrate and cadmium perchlorate were first added to 50 mᐉ of a 10 -3 M solution of NaClO 4 (at a pH of 3.5), following which the solution containing 115 Cd was added. After mixing, the resulting solution was used for the preparation of the radiosources employed for the determination of the initial radioactivity of 115 Cd. Next, an amount of radioactive citric acid solution ( 14 C-labelled) was added to the prepared radiosource solutions to allow the initial radioactivity of the 115 Cd + 14 C system to be determined. After such determination, 1.5 g of the TiO 2 sample was added and an adsorption experiment undertaken. During potentiometric titrations, 0.5 mᐉ samples of the suspension were collected and the radiosources added to the liquid scintillator after centrifugation. The radioactivity of the samples was measured employing a model 5500B Beckman β-counter at channel No. 1 (0-667) for 14 C + 115 Cd and at channel No. 2 for 115 Cd (667-1000). When the sample was doubly labelled with 14 C + 115 Cd, the corresponding β-spectra overlapped in channel No. 1. The channel ratio method was used to determine the counts from 14 C. Thus, the counting rate in the absence of the second isotope ( 14 C) in the sample was calculated employing the equation:
where N channel No. 1 is the counting rate in channel 1 (0-667), N channel No. 2 is the counting rate in channel 2 (667-1000) and W 1,2 is the ratio of 115 Cd in channel 1 relative to that in channel 2. The corresponding counting rate coefficient was obtained from an extended series of measurements.
The co-adsorption experiments involving Cd(II) and citrate ions were conducted over the pH range 3-10. The corresponding titrations were performed as separate experiments for different ionic strengths.
The ζ-potential measurements were carried out for individual Cd(II) and citrate ion solutions as well as for the mixed Cd(II)/citrate ion solution, with the concentration of Cd(II) or citrate ions ranging from 1 × 10 -6 to 1 × 10 -3 M. The ζ-potential was measured employing a Malvern 3000 standard Zetasizer instrument. Thus, samples of the oxide suspensions prepared at pH values in the range 3-10 were placed in seven flasks, each of 50 mᐉ capacity. The TiO 2 concentration in the investigated solutions was 100 ppm in each case. Before such measurements, the oxide suspensions were subjected to ultrasound treatment for 3 min. Each ζ-potential measurement was repeated five times.
RESULTS AND DISCUSSION
The pH pzc value, as determined from the intersection of the titration curve of the TiO 2 suspensions with that of the background electrolyte (10 -3 M NaClO 4 ), was equal to 4.6. However, the pH iep value, as determined from electrophoretic mobility measurements, was 4.2. For this reason, the surface charge density data determined from potentiometric titrations for the background electrolyte were corrected by assuming a zero level of charge at a pH value of 4.2 (hence, the pH pzc value was shifted to 4.2).
Cadmium ions undergo specific adsorption at a metal oxide interface via an exchange reaction between hydrogen ions and hydroxy groups. Thus, the concentration of H + ions influences the extent of such adsorption. The plots of the percentage adsorption of adsorbed Cd(II) ions as a function of pH were typical of those obtained for the adsorption of other heavy metal ions at such an interface and pH range. Thus, a sharp increase in adsorption from zero to almost 100% was observed. Such a plot is generally referred to as an "adsorption edge", the position of this edge on the pH scale being characterized by the pH value at 50% adsorption, viz. pH 50% , while the slope of the edge is characterized by the pH range over which the adsorption changes from 10% to 90%, viz. ∆pH 10-90% .
The specific adsorption of anions at a metal oxide/electrolyte interface is accompanied by H + ion binding or by the release of hydroxyl ions. In both cases, a decrease in the H + ion concentration leads to a decrease in the extent of anion adsorption. The plot of anion adsorption as a function of pH is called the adsorption envelope.
Adsorption of Cd(II) ions at the TiO 2 /NaClO 4 interface
The extent of Cd(II) ion speciation in an aqueous solution is dependent on the pH value of the latter. Thus, Cd(II) can be presented as a simple divalent ion or as a hydroxo complex. In aqueous solutions, Cd(II) ions form the following complexes with hydroxide ions (Baes and Mesmer 1976 
Analysis of the concentration of the Cd(II) ion species as a function of pH, carried out on the basis of the dissociation constants listed in equations (1)-(6) and taking the activity coefficients into account, showed that up to a pH value of 9.9 the content of the aquo ion Cd 2+ was greater than 50%. At higher concentrations of Cd(II) ions, amorphous Cd(OH) 2 can appear in the system with the value of pK s10 (i.e. the negative logarithm of the solubility product) being 13.65 [equation (7) above].
Studies of the adsorption of Cd(II) ions at the TiO 2 /aqueous solution interface have shown that, as a function of pH, the adsorption process possesses an adsorption-edge shape typical for the adsorption of multivalent cations at a metal oxide/electrolyte interface (Janusz and Matysek 2006a,b) . The adsorption of Cd(II) ions onto the investigated TiO 2 sample exhibited the same characteristics as the sample studied by Janusz and Matysek; however, the position of the adsorption edge and the slope of the edge were slightly different. The characteristic parameters of the adsorption edge are presented in Table 1 while the adsorption isotherms for Cd(II) ions onto anatase at pH values of 5 and 9 are depicted in Figure 1 .
It should be noted that the adsorption edge was shifted by 0.5 pH units towards higher values of pH, but that the slope was steeper relative to that reported in previous data (Janusz and Matysek 2006) . If it is assumed that the adsorption surface area is equal to the BET surface area (55.3 m 2 /g), this shift in adsorption indicates that the adsorption affinity of Cd(II) ions to the surface of the studied sample was smaller than for the samples studied by Janusz and Matysek (2006a,b) . These workers found that the pH iep value of their TiO 2 sample was 5.2, with the value of pH 50% < pH iep for the lowest initial Cd(II) ion concentration. In the present study, pH 50% > pH iep , so that Cd(II) ion adsorption in the pH range where the adsorption edge appears was favoured by electrostatic attraction. This means that the adsorption process was dominated by the interaction between the Cd(II) ions and the TiO 2 surface. However, if it is assumed that the Cd(II) ions adsorb on the external surface area of the adsorbent (8.8 m 2 /g as determined from an α S -plot), then the position of the adsorption edge on the pH scale for low initial concentrations of Cd(II) ions is coherent, because a decrease in the surface area would lead to a shift in the adsorption edge towards higher pH values (Hayes and Katz 1996) . The steeper slope of the adsorption edge for Cd(II) ions may be due to the presence of pores in the sample, while the sample described by Janusz and Matysek (2006a,b) appears to have been virtually non-porous. The effect of the electrostatic field in pores should favour the adsorption of Cd(II) ions above pH iep , because the edls associated with the pore walls overlap and exert a strong attraction towards Cd(II) ions as counterions (Huang and Herbert 2004; Pivonka et al. 2007 ). On the other hand, at high adsorption coverage, the adsorbed Cd(II) ions may repel each other. Such an adsorption mechanism should result in the pH 50% value occurring at low Cd(II) ion concentrations and low pH values, with the value shifting towards alkaline pH values at high initial Cd(II) ion concentrations. Hence, the adsorption of Cd(II) ions in the pores appears to have been negligible because the equilibration time was too short to ensure pore diffusion. Figure 1 also shows that the log-log plot of adsorption versus concentration was linear at low initial concentrations of Cd(II) ions, with the slope of the plot under these circumstances being equal to 0.713 at pH 5 and increasing to 1 at pH 9. This result indicates that the description of such isotherms by the Henry equation as proposed in some papers is unacceptable, since it is necessary to take the presence of an electrical double layer and the energetic heterogeneity of the surface into consideration in such a description. A slope of unity on the log-log scale at higher pH values would suggest that the adsorption sites available to Cd(II) ions on the TiO 2 surface were homogeneous from an energetic point of view. The adsorption of Cd(II) ions at the TiO 2 surface leads to the release of H + ions from the hydroxy groups on the metal oxide surface. This effect was not significant at low initial Cd(II) ion concentrations (i.e. 10 -4 , 10 -5 and 10 -6 M), but above a pH value of 5 and an initial Cd(II) ion concentration of 10 -3 M an increase in the desorption of H + ions was observed with increasing pH values (see Figure 2) . From a comparison of the desorption of H + ions relative to the adsorption of Cd(II) ions, e.g. at pH 7.5, it is possible to conclude that one Cd(II) ion adsorbed onto one hydroxy group in agreement with the deductions of a previous study (Janusz and Matysek 2006a,b) .
The adsorption of Cd(II) ions leads to the desorption of H + ions from the surface hydroxy groups and influences the charge density at the IHP. This results in a change in the ζ-potential upon Cd(II) ion adsorption (see Figure 3 ). It will be seen from the figure that, for the system studied, the ζ-potential increased with increasing initial Cd(II) ion concentration, with a chargereversal point (CR2) occurring at a Cd(II) ion concentration of 1 × 10 -4 M and a pH value of 9.6. This is connected with overcharging of the edl as observed previously (Janusz and Matysek 2006a,b) .
Adsorption of citrate ions at the TiO 2 /NaClO 4 interface
In aqueous solution, citric acid is capable of dissociating three H + ions from its carboxylic groups and there is also the possibility that its presence will lead to the dissociation of H + ions from the pK 3 = 6.40 (10)
From the above dissociations, it is possible to calculate the species distribution for citric acid as a function of the solution pH over the range 3-10 ( Figure 4 ). As can be seen from the figure, the main form of the citrate ion over the pH range 3-4.5 is H 2 Cit -, from 4.5 to 6.5 it is HCit 2and above 6.5 it is Cit 3-. However, the percentage of other species in the system over these pH ranges is also significant, and these charged species may interact with the TiO 2 surface both electrically and chemically. The adsorption of the citrate ion as a function of the solution pH in the TiO 2 /1 × 10 -3 M NaClO 4 system is shown in Figure 5 , where the initial concentrations of citrate ions employed were 1 × 10 -6 , 1 × 10 -5 , 1 × 10 -4 and 1 × 10 -3 M, respectively. As can be seen, above a pH value of 5 the adsorption plot for the citrate anion exhibited the same characteristic shape as that for anion adsorption onto metal oxides, i.e. the adsorption decreased with increasing pH value. If we assume 
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W. Janusz et al./Adsorption Science & Technology Vol. 26 No. 8 that the adsorption of citrate anions occurs solely onto one hydroxy group, then the process may be described by the following reactions: 
Hence, the observed increase in citrate anion adsorption with increasing pH in the range 3-5 results from an increase in the concentration of H 2 Citand HCit 2species or a decrease in that of the undissociated H 3 Cit form over this range. Figure 6 shows plots of the adsorption of citrate ions as a function of pH in 1 × 10 -1 and 1 × 10 -3 M NaClO 4 , respectively. An increase in the concentration of the background electrolyte allows the adsorption affinity of citrate anions to be compared with that of the background electrolyte anions and indicates that competition occurred between these ions for available adsorption sites. If an increase in the background electrolyte concentration leads to a decrease in adsorption, this may be attributed to the formation of outer-sphere complexes because of cation adsorption competition (Janusz et al. 2003) . However, as shown in Figure 6 , an increase in the background electrolyte concentration at pH values above 9 led to the increased adsorption of citrate anions. This effect cannot be explained in terms of changes in the activity of the citric anions in the bulk solution since this would lead to a decrease in the extent of adsorption. Another possible mechanism could be the screening effect of the adsorbed molecules at higher background electrolyte concentrations leading to a decrease in lateral interactions (repulsive forces) between adsorbed citric anions.
According to equations (10)-(12) above, the adsorption of citrate anions is linked to the adsorption of H + ions. However, because the adsorption of citrate anions at the TiO 2 /solution interface was not complete, the presence of the remaining citrate anions in solution made potentiometric estimations of the adsorption/desorption of H + ions difficult. Hence, only approximate estimates could be made of the change in the adsorption of H + ions in the TiO 2 /1 × 10 -3 M NaClO 4 solution system at an initial citrate anion concentration of 1 × 10 -4 M. To estimate the Janusz et al./Adsorption Science & Technology Vol. 26 No. 8 adsorption of H + ions for comparative purposes, a background solution consisting of 1 × 10 -3 M NaClO 4 + 3 × 10 -5 M sodium citrate was employed. Comparison of the changes in the extent of H + ion adsorption in the presence of citrate anion adsorption at pH 4 showed that one citrate anion was adsorbed statistically per hydroxy group. The adsorption isotherms of citrate anions for selected pH values (4 and 9) are depicted in Figure 7 . It will be seen that over the low concentration range the isotherms depicted in the log-log plot were linear and characterized by coefficients (slopes) which were close to unity. As the pH value increased, however, the slopes of the isotherms decreased, indicating a tendency towards the formation of a monolayer on the surface. Such a monolayer would correspond formally to a surface concentration of 0.4 µmol/m 2 . Figure 8 shows plots of the ζ-potential as a function of pH for the TiO 2 /10 -3 M NaClO 4 system in the presence of varying concentrations of citrate anions. As seen from the figure, the ζ-potential decreased as the citrate anion concentration increased. It should also be noted that the ζ-potential exhibited negative values over the whole pH range studied. This is connected with overcharging of the compact section of the edl. The same effect of citrate anion adsorption on the ζ-potential has been observed for the alumina/electrolyte solution system (Johnson et al. 2005) .
Co-adsorption of Cd(II) and citrate ions at the TiO 2 /NaClO 4 interface
Citrates can form four types of complexes with Cd(II) ions, viz. CdCit -, CdHCit, Cd(Cit) 2-2 and CdOHCit 2-. Their corresponding stability constants are log K CdCit -= 3.71, log K CdHCit = 7.85, log K Cd(Cit) 2-2 = 5.3, logK CdOHCit 2-= -3.99, respectively (Capone et al. 1986) . At a citrate anion concentration of 5 mM, participation of the CdCitcomplex is significant over the pH range 4.5-7.5, while above this pH range the CdOHCit 2 adsorption curves, i.e. a shift of the adsorption edge towards lower pH values was observed at an initial Cd(II) ion concentration of 1 × 10 -4 M. When the initial Cd(II) ion concentration was increased to 1 × 10 -3 M, the Cd(II) adsorption edge became flatter with an increase in Cd(II) ion adsorption occurring over the low pH range. This dependence became even greater when the effect of the presence of a citrate anion concentration of 2 × 10 -3 M was examined, i.e. the adsorption of Cd(II) ions decreased over the pH range 8-10 whereas the extent of Cd(II) ion adsorption remained unchanged in an acidic environment. A similar change in the adsorption of Cd(II) ions in the presence of citrate anions has been observed by other workers (Lackovic et al. 610 W. Janusz et al./Adsorption Science & Technology Vol. 26 No. 8 2004a,b; Janusz and Matysek 2006a,b) . The observed increase in Cd(II) ion adsorption in the presence of citrate anions arises from the creation of new sites with a high adsorption affinity at lower pH values [as a result of citrate anion adsorption over this range and the formation of innersphere complexes (Lackovic et al. 2004a,b) ]. Such sites have a higher affinity towards Cd(II) ions than surface hydroxy groups. At initial Cd(II) ion concentrations in the range 1-2 × 10 -3 M, an additional decrease in the extent of adsorption over the higher pH range (> 6) may be attributed to the formation of the CdOHCit 2complex in the solution. This effect was not observed in the goethite/electrolyte system (Lackovic et al. 2004a,b; Matysek 2006b) because of the high affinity of the citrate anion to iron. However, for other systems such as TiO 2 /Cd(II) oxalate solutions and kaolinite or illite/Cd(II) citrate solutions, a decrease in Cd(II) ion adsorption has been observed (Janusz and Matysek 2006a,b; Lackovic et al. 2004b ).
CONCLUSIONS
The influence of pH on the adsorption of Cd(II) ions in the presence of citric anions onto a TiO 2 surface was characteristic for the adsorption of multivalent cations at a metal oxide/electrolyte interface, with the formation of a so-called "adsorption edge". Increasing the initial concentration of Cd(II) ions in the system led to a shift in the position of this adsorption edge -as characterized by a shift in the pH 50% parameter -towards higher pH values. However, increasing Cd(II) ion concentration led to a decrease in the slope of the adsorption edge, as characterized by a decrease in the value of ∆pH 10-90% . Citrate anion adsorption occurred mainly via exchange with surface hydroxy groups, with the position of pH 50% being above a pH value of 10. The presence of citrate anions in the system at a concentration of 1 × 10 -3 M led to changes in the shape of the adsorption curves for the Cd(II) ions; they became very flat with an increase in Cd(II) ion adsorption occurring over the low pH range relative to the situation in the absence of citrate anions, although at higher pH values adsorption decreased. This effect could be explained in terms of adsorption processes involving citrate anions on the TiO 2 surface and the formation of Cd(II)-citrate complexes in the solutions. Citrate anions adsorb onto TiO 2 surfaces at low pH values and change their affinities towards metal cations.
